Protein tyrosine phosphatase (PTP)-1B, encoded by the PTPN1 gene, inactivates the insulin signal transduction cascade by dephosphorylating phosphotyrosine residues in insulin signaling molecules. Due to its chromosomal location under a chromosome 20 linkage peak and the metabolic effects of its absence in knockout mice, it is a candidate gene for type 2 diabetes. Recent studies have associated common sequence variants in PTPN1 with type 2 diabetes and diabetes-related phenotypes. We sought to replicate the association of common single nucleotide polymorphisms (SNPs) and haplotypes in PTPN1 with type 2 diabetes, fasting plasma glucose, and insulin sensitivity in a large collection of subjects. We assessed linkage disequilibrium, selected tag SNPs, and typed these markers in 3,347 cases of type 2 diabetes and 3,347 control subjects as well as 1,189 siblings discordant for type 2 diabetes. Despite power estimated at >95% to replicate the previously reported associations, no statistically significant evidence of association was observed between PTPN1 SNPs or common haplotypes with type 2 diabetes or with diabetic phenotypes.
T
he PTPN1 gene encodes protein tyrosine phosphatase (PTB)-1B (EC 3.3.3.48), an enzyme that binds the insulin receptor (1) and dephosphorylates phosphotyrosine residues of the activated receptor and the insulin receptor substrate 1, thus downregulating the insulin signaling cascade (2) . Mice deficient for PTPN1 display enhanced insulin sensitivity and resistance to diet-induced obesity (3), as well as general leanness due to an increased basal metabolic rate (4) . In vitro inhibition of PTP-1B by small molecules leads to greater insulin sensitivity (5, 6) . These functional features, coupled with its genomic location under the chromosome 20q13 type 2 diabetes linkage peak (7) , support PTPN1 as a candidate gene that might harbor variants influencing susceptibility to insulin resistance and type 2 diabetes.
Several groups have examined genetic variants in the human PTPN1 gene for association with type 2 diabetes. A rare Pro3 Leu change at position 387 was reportedly associated with type 2 diabetes in a Danish sample of 527 cases and 542 control subjects (nominal P ϭ 0.036) (8) but not in a Chinese sample of 329 cases and 238 control subjects (9) or a Finnish sample of 257 cases and 285 control subjects (10) . A common insertion of a guanosine at position 1484 of the 3Ј untranslated region (UTR) (1484insG) was associated with features of the metabolic syndrome in two Italian samples comprising an aggregate of 812 normoglycemic individuals (11) but was not associated with type 2 diabetes, BMI, fasting glucose, or fasting insulin in the Danish sample (8) or a large Swedish sample of 2,309 nondiabetic subjects (12) .
Recently, a more extensive evaluation of noncoding genetic variants at this locus has been reported (13) . In two nonoverlapping case/control samples totalling 610 and 475 individuals, Bento et al. (13) found that several single nucleotide polymorphisms (SNPs) were associated with type 2 diabetes, with odds ratios (ORs) in each sample near 1.3 and nominal P values Ͻ0.01. Examination of the patterns of linkage disequilibrium (LD) in this region revealed very limited haplotype diversity, with most SNPs falling within a single LD block (defined by the authors as the linear DNA segment where pairwise DЈ between SNPs is Ͼ0.8) that spans ϳ100 kb from the promoter region to the 3Ј UTR. Of eight common haplotypes, two of them (GTCCTGTO and its reciprocal ACTTCAGO) capture ϳ80% of haplotypic diversity in this locus; as predicted from the SNP results, either the former haplotype protected against type 2 diabetes and/or the latter haplotype conferred risk (P Ͻ 0.005) (13) .
In a companion article (14) , the same group evaluated these SNPs and haplotypes in PTPN1 for association with quantitative glycemic traits in an independent sample. Palmer et al. (14) found that the protective haplotype led to higher insulin sensitivity and lower fasting glucose under a recessive/multiplicative model in control individuals, whereas the risk haplotype had opposite effects under a dominant model (14) . These results in a third nonoverlapping sample supported the conclusion that common variation in PTPN1 substantially contributed to type 2 diabetes risk and related traits.
As previously noted (15) (16) (17) , replication of genetic association studies with adequately powered samples is critical given the low prior probabilities for any given gene and to assess the robustness of findings in regard to specific aspects of study design and interpretation. In type 2 diabetes, consistently reproducible associations have been documented for the P12A polymorphism in the peroxisome proliferator-activated receptor ␥, the E23K polymorphism in the ATP-sensitive potassium channel Kir6.2, and, more recently, SNP-44 in CAPN10 (18) . We set out to test the reproducibility of the association of PTPN1 with type 2 diabetes in a large collection of diabetes and control samples.
RESEARCH DESIGN AND METHODS
The diabetic sample subjects have been described elsewhere (19, 20) . Briefly, they comprise 1,189 Scandinavian siblings discordant for type 2 diabetes; a Scandinavian case-control sample totaling 942 subjects individually matched for age, BMI, and geographic region; a case-control sample from Sweden totaling 1,028 subjects who were individually matched for sex, age, and BMI; an individually matched case-control sample totaling 254 subjects from the Saguenay Lac-St. Jean region in Quebec; and two case-control samples individually matched for age, sex, and self-reported ethnicity from the U.S. (2,452 subjects) and Poland (2,018 subjects), both collected by Genomics Collaborative, Inc. (GCI). Genotyping and phenotypic analysis. Genotyping was performed by primer extension of multiplex products with detection by matrix-assisted laser desorption ionization-time of flight mass spectroscopy (21) using a Sequenom platform. Our genotyping success rate was 97.3%, and our consensus rate (based on 11,799 duplicate genotypes) was 99.9%. The detailed list of SNPs and their genotyping assays are shown in online appendix Table 1 (available at http://diabetes.diabetesjournals.org). Genotype counts for the various samples tested in this study are shown in online appendix Table 2 . This information is also posted on our website (http://genetics.mgh.harvard.edu/ AltshulerWeb/publicationdata/Florez_PTPN1.html).
Plasma glucose (fasting and during an oral glucose tolerance test [OGTT]) was measured by a glucose oxidase method on a Beckman Glucose analyzer (Beckman Instruments, Fullerton, CA). Insulin was measured by radioimmunoassay. A 75-g OGTT was performed in a subset of the control Scandinavian subjects (n ϭ 766). The whole-body insulin sensitivity index (ISI) was calculated as in Matsuda and DeFronzo (22) , and because of nonnormality it was logarithmically transformed. Insulin resistance by homeostasis model assessment was calculated as in Matthews et al. (23 (8, 10) , and 16 SNPs previously chosen by the HapMap project; the rest were obtained from dbSNP.
These SNPs span 112 kb, from ϳ28 kb upstream of the transcription start site to ϳ10 kb downstream of the end of the PTPN1 3Ј UTR. Three of the SNPs attempted were technical failures (Ͻ75% genotyping percentage), 1 failed Hardy-Weinberg equilibrium, and 7 were found to be monomorphic in this population; thus, the final set comprised 31 (74%) working SNPs that were used to evaluate patterns of LD. The average spacing between these 31 SNPs is 3.6 kb. Haplotype blocks were determined as in Gabriel et al. (25) . In the disease samples, case and control chromosomes were phased together using the expectation-maximization algorithm of Excoffier and Slatkin (26) modified to process larger data files using the partition-ligation approach as previously described (27) . Each individual chromosome was assigned the phased haplotype of highest maximum likelihood. Tag SNP selection. To correlate our findings with those of the literature, we chose to genotype all eight SNPs provided by D.W. Bowden (rs941798, rs3787345, rs754118, rs2282147, rs718049, rs718050, rs3787348, and 1484insG) and the two missense SNPs (P387L and G381S) in our disease panels (T420M was monomorphic in our reference panel). We selected additional tag SNPs by a newly developed algorithm named Tagger (Paul I.W. de Bakker et al., unpublished observations; http://www.broad.mit.edu/mpg/tagger/), which selects single markers and multimarker combinations of tags based on pairwise LD between markers (set at minimum r 2 Ͼ 0.8). This method allows the user to "force in" markers of interest, such that the additional tags selected capture those markers not already tagged by the forced-in set. This procedure resulted in 18 tag SNPs (the above 10 plus 8 additional markers; Fig. 1 and Table 1 ); if no SNPs had been forced in a priori, Tagger would have yielded 12 tag SNPs. The 18 tag SNPs were validated by an independent method (28) and were found to be robust predictors of all single SNPs (minimum R S 2 Ͼ 0.95) and haplotypes (minimum R h 2 Ͼ 0.85). Statistical analysis. Power calculations were performed with the program of Purcell et al. (29) , available at http://statgen.iop.kcl.ac.uk/gpc. To examine the association of SNPs and haplotypes with type 2 diabetes, we used simple 2 analysis in the case-control samples and the discordant allele test (30) in the sibpairs. Haplotypes were compared individually against all others; only haplotypes with frequencies Ͼ5% in the reference panel were examined. Results from the various samples were combined by Mantel-Haenszel metaanalysis of the ORs (16) . Homogeneity among study samples was tested using a Pearson 2 goodness-of-fit test as previously described (16) . Phenotype comparisons. We concluded that under the most parsimonious model, the positive findings obtained by Bento et al. (13) and Palmer et al. (14) could be reduced to two statistically indistinguishable and complementary results: the association of one high-frequency PTPN1 haplotype with risk of type 2 diabetes (and related variables of fasting glucose and insulin sensitivity) and the converse result of protection from disease and related quantitative traits by another high-frequency reciprocal haplotype. We therefore formulated our study as a test of a single hypothesis. In secondary analyses, we tested this putative association under both a neutral, multiplicative genetic model and the genotypic model reported in Palmer et al. (14) . Only nondiabetic subjects were included in our phenotypic analyses. Comparisons of phenotypic variables between genotypic groups were made by Student's t test (two groups) or ANOVA (more than two groups).
RESULTS
Characterization of common sequence variation at PTPN1. Consistent with the results of Bento et al. (13) , genotyping of 31 SNPs defined a single segment of high LD ("haplotype block") spanning ϳ83 kb (between SNPs rs6063528 and rs3787348; Fig. 1 ); due to their low minor allele frequency, the two missense SNPs G381S and P387L were outside the boundaries of this block as defined by Gabriel et al. (25) . The block comprises five haplotypes of Ͼ5% frequency, which together capture 90% of haplotypic diversity at this locus. Of note, genotyping additional SNPs has permitted us to further refine the haplotype structure, such that the risk haplotype of 33-34% frequency in Bento et al. (13) is subdivided into haplotypes B and D in our reference panel, with frequencies of 22 and 6%, respectively, in the CEPH reference sample. (In the GCI U.S. sample, these haplotypes are present at 26 and 9% frequencies in control subjects, in agreement with the control samples of Bento et al. [13] .) The 31 working SNPs are well captured by a set of 18 tagging markers, which include both missense SNPs and those previously studied by Bento et al. (13) , and which were genotyped in this study (see RESEARCH DESIGN AND METHODS).
Power calculations. To estimate the sample size required to replicate the association of the high-frequency haplotype in Bento et al. (13) with protection from type 2 diabetes, we assumed a haplotype frequency of 45%, a type 2 diabetes disease prevalence of 8%, and a genotypic relative risk of 1.3 under a recessive model. Under these parameters, we estimated that our combined sample of 3,347 case/control pairs and 1,189 discordant sibs would provide Ͼ95% power to reject the null hypothesis of no association at P Ͻ 0.05. If we reduce the genotypic relative risk to 1.2 in order to allow for the likely overestimate of the initial report due to the "winner's curse," we estimate 
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power at Ͼ75% to reject the null hypothesis of no association at P Ͻ 0.05; this power is raised to Ͼ80% under a multiplicative model. Similarly, we estimated that the size of our phenotypic sample provides ϳ90% power to detect a 2-mg/dl difference in fasting plasma glucose under the genotypic model proposed by Palmer et al. (14) . Association study. Association results for each of the 18 SNPs and five common haplotypes are presented in Table  1 . No association was observed to any of the SNPs or haplotypes spanning PTPN1 with type 2 diabetes in the overall sample. Results that were nominally significant in one of the three subsamples (rs6020546, rs2230605, and P387L) were not reproduced in the other two subsamples or displayed a trend in the opposite direction. No heterogeneity among subsamples was observed.
In an attempt to understand the differences between our results and those previously published, we examined the frequencies of the two major haplotypes described by Bento et al. (13) in the various samples studied in this and in previous reports. We note that the frequencies of haplotype A and the aggregate of haplotypes B and D are quite similar in all the control samples (from both this study and that of Bento et al. [13] ) and in the diabetic samples studied in this report. The two samples showing a different haplotypic frequency are the case series in Bento et al. (13) ( Table 2) . Genotype-phenotype correlations. Since the single SNP results of Palmer et al. (14) could be explained by the effects of a single high-frequency haplotype (and/or the converse effect of an alternate, high-frequency haplotype), we confined analysis of associations to diabetic subphenotypes to this single hypothesis. We evaluated the effects of the presence of haplotype A (the putative protective haplotype) or haplotype B (the major contributor to the putative risk haplotype) on the two measures of glucose homeostasis found by Palmer et al. to be significantly affected. We measured fasting plasma glucose in control individuals from both the GCI U.S. and the Scandinavian samples, and the whole-body ISI in control individuals from the Scandinavian sample. We examined both param- Because the GCI case/control samples were not but the Scandinavian samples were matched for BMI, we developed the post hoc hypothesis that differences in patient phenotypes might contribute to these divergent results. There was a nominally significant difference in the average BMI of control individuals between the Genomics Collaborative U.S. and Scandinavian samples (27.2 Ϯ 4.9 vs. 26.7 Ϯ 3.7 kg/m 2 , respectively, two-sided P Ͻ 0.02). Moreover, the observed difference in fasting plasma glucose between carriers of the A and B haplotypes in the Genomics Collaborative U.S. sample was most obvious for the highest quartile of BMI under the neutral model (P Ͻ 0.0001; Table 3); the difference was also present under the recessive model (P Ͻ 0.003; Table 3 ). In the Scandinavian sample, although there was no statistically significant difference in fasting plasma glucose according to genotypic group across each BMI quartile, fasting plasma glucose rose across BMI quartiles in carriers of the B haplotype (P Ͻ 0.02; Table 3 ).
Because of the difference in fasting plasma glucose between carriers of haplotypes A and B in the most obese subjects of the GCI U.S. sample, we wondered whether an association of either haplotype with type 2 diabetes might be present in this group. When the association analysis was restricted to the 325 control individuals and 816 diabetic subjects with BMI Ͼ29.5 kg/m 2 , no association was observed (haplotype A: OR 1.02 [95% CI 0.82-1.18], two-sided P ϭ 0.84; haplotype B: 0.96 [0.85-1.28], P ϭ 0.70). In addition, we detected no effect of genotype on BMI (data not shown).
We explored whether insulin resistance, as measured by the whole-body ISI, might be affected in the 766 control Scandinavian subjects for whom we had OGTT data. No statistically significant difference in insulin sensitivity was found among genotypic groups according to presence of either haplotype A or B (online appendix Table 3 ). In contrast to the results of Palmer et al. (14) , a trend toward greater insulin sensitivity was found among carriers of haplotype B under the neutral model (two-sided P ϭ 0.057; online appendix Table 3 ).
Finally, we examined whether the specific 1484insG variant, previously reported to induce insulin resistance (11), affected similar glycemic measures in our control subjects. We detected no statistically significant difference between nondiabetic Scandinavian carriers and noncarriers of this polymorphism in fasting glucose (94.4 Ϯ 10.9 vs. 94.9 Ϯ 11.2 mg/dl [mean Ϯ SD]), fasting insulin (8.04 Ϯ 4.9 vs. 8.03 Ϯ 4.7 mU/l) or insulin resistance by homeostatis model assessment (1.94 Ϯ 1.2 vs. 1.95 Ϯ 1.2). Similarly, fasting glucose was not significantly different between 1484insG carriers and noncarriers in the GCI U.S. samples (91.9 Ϯ 14.9 vs. 91.1 Ϯ 14.4 mg/dl). Nondiabetic Scandinavian siblings discordant for genotype at this locus also failed to show any statistically significant differences in these three parameters (data not shown).
DISCUSSION
We set out to test the previous hypothesis of association of SNPs and haplotypes in PTPN1 with type 2 diabetes (13) and with fasting plasma glucose and insulin sensitivity (14) . We confirmed the extensive LD among common variants in the PTPN1 gene (13) but failed to detect an association of any SNP or common haplotype with type 2 diabetes in either our individual samples or their combination by meta-analysis.
Lack of replication can have several possible explanations. First, it is possible that the initial association may have been a statistical fluctuation. This seems less likely since the authors replicated their findings in a second population, and two measures of glucose homeostasis varied according to PTPN1 haplotype in the predicted The frequencies of the two major haplotypes described in Bento et al. (13) (haplotype A and the combination of haplotypes B and D in this study) were measured in the control and diabetic samples of Bento et al. (13), Palmer et al. (14) , and the various subsamples examined in this study. The GCI case/control samples were individually matched for age, sex, and self-reported ethnicity, whereas the Canadian and Scandinavian case/control samples were individually matched for age, sex, and BMI. Haplotypes in this study were derived by phasing all case and control chromosomes together using an expectation maximization algorithm (see text for details).
direction (14) . To evaluate the significance of such a finding it will be useful to simulate the frequency, in the absence of a true association, of obtaining such P values across multiple studies after examining many SNPs and haplotypes in each of several phenotypes (type 2 diabetes and related subphenotypes). A second possibility is that the current study constitutes a false-negative attempt at replication. In the setting of a true initial association, failure of replication can be due to 1) insufficient power (16), 2) heterogeneity among subsamples, and/or 3) heterogeneity within subsamples that renders them inadequate for case/control analysis. Although our study was well powered to replicate the model of Bento et al. (13) , it is possible that the initial association may have been overestimated due to the "winner's curse." Regardless, the best estimate of the OR is bounded by the 95% CIs of all available data. With respect to genetic heterogeneity among subsamples, formal tests for heterogeneity were negative in this and previous studies that have analyzed these samples (19, 20, 27) . Finally, with respect to within-sample heterogeneity, we note that these samples have shown consistent results when genotyped for the two most widely reproduced associations with type 2 diabetes, P12A in peroxisome proliferator-activated receptor ␥ (31 and N.B., J.C.F., J.N.H., D.A., unpublished observations) and E23K in Kir6.2 (19, 27) .
A third possibility is that the association signal reported by Bento et al. (13) was valid, but there is heterogeneity among the various populations examined 1) in the extent of LD in this region, 2) in the phenotypic characteristics of patients studied, or 3) in the frequencies of genetic or environmental modifiers. In regard to LD, the LD pattern in PTPN1 observed in our reference panel and disease samples is nearly identical to that observed by Bento et al. (13) . With regard to phenotypic characterization, our case and control subjects were matched for age, sex, selfreported ethnicity (in all cases), and BMI (in the Scandinavian and Canadian subsamples). In contrast, the first case/control population of Bento et al. (13) Since the definition of case status and the methods to match controls differs among studies, it is possible that one of these considerations and/or population stratification may account for the disparate results (32) . In addition, we note that in one of our phenotypic analyses, the whole-body ISI derived from the OGTT is not a perfect correlate of the ISI obtained from the intravenous glucose tolerance test employed by Palmer et al. (14) .
Heterogeneity in gene-gene and/or gene-environment interactions could also contribute to divergent findings. We observed an association of a subset of the risk haplotype of Palmer et al. (14) (haplotype B in our study) with fasting plasma glucose in the GCI U.S. subsample, albeit confined in a post hoc analysis to the quartile with the highest BMI. The same effect was not seen in the Scandinavian sample, although fasting plasma glucose rose with BMI in Scandinavian carriers of the B haplotype. Because the Scandinavian subjects in the highest quartile of BMI were leaner than their GCI U.S. counterparts (BMI 31.58 Ϯ 2.54 vs. 33.74 Ϯ 3.80 kg/m 2 , respectively, P Ͻ 10
Ϫ10
; Table  3 ), one might speculate that in Scandinavian subjects of an even heavier BMI, fasting plasma glucose may also have been higher in carriers of the B haplotype than in carriers of the A haplotype. But since these observations were post hoc, they should be considered an exploratory, hypothesis-generating exercise.
Thus, our different findings could be explained by the presence of unaccounted modifier genes in the various populations that affect diabetes-related phenotypes. In this scenario, variants that are enriched in individuals of Hispanic ancestry or genes that influence renal function or obesity might interact with PTPN1 to induce insulin resistance and raise fasting plasma glucose. If the effect is large enough, an association with type 2 diabetes might be seen in a subset of samples but not in others. Given these multiple explanations, further refinement of patient phenotypes, matching for all possible confounders and most importantly replication in additional well-powered samples, will be necessary to evaluate the hypothesized effect of PTPN1 on type 2 diabetes and related traits.
